The rare earth-rich magnesium compounds RE 23 Ru 7 Mg 4 (RE = La, Ce, Pr, Nd) were synthesized from the elements in sealed tantalum ampoules in an induction furnace. 
Introduction
The rare earth (RE)-transition metal (T)-magnesium systems have intensively been studied in recent years with respect to phase analyses, crystal structures, and chemical bonding as well as magnetic and mechanical properties. Such RE x T y Mg z intermetallics have technical importance for precipitation hardening in modern light weight alloy systems [1] . Crystal chemical details have been reported in the literature [2 -5, and references therein].
The RE-rich parts of the RE-T-Mg systems have intensively been investigated. Two new series of compounds with the compositions RE 4 TMg (T = Co, Ni, Ru, Rh, Pd, Ir, Pt) [2, 6 -8 , and references therein] with Gd 4 RhIn-type structure [9] and RE 23 T 7 Mg 4 (T = Ni, Rh, Ir) [10 -12] with Pr 23 Ir 7 Mg 4 -type [10] have been reported. Both structure types are closely related. The basic structural units are transition metal-centered trigonal prisms of the rare earth elements RE 6 T which are condensed to complex three-dimensional networks. The latter is cubic for the Gd 4 RhIn type (space group 0932-0776 / 09 / 1100-1345 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com [12] . First investigations revealed interesting properties for these rare earth-rich materials. Gd 4 NiMg exhibits antiferromagnetic ordering below T N = 92 K [7] . It absorbs up to 11 hydrogen atoms per formula unit, leading to a drastic change of the magnetic properties. Gd 4 
Experimental Section

Synthesis
Starting materials for the synthesis of the RE 23 Ru 7 Mg 4 samples were ingots of the rare earth metals (Johnson Matthey and smart elements, > 99.9 %), ruthenium powder (Heraeus, ca. 200 mesh, > 99.9 %), and a magnesium rod (Johnson Matthey, ∅ 16 mm, > 99.95 %, the surface layer of the rod was removed on a turning lathe). The rare earth metal ingots were first cut into smaller pieces and arc-melted [20] to small buttons under an argon atmosphere. The argon was purified with titanium sponge (900 K), silica gel, and molecular sieves.
The rare earth metal buttons, the ruthenium powder, and pieces of the magnesium rod were then weighed in the 23RE:7Ru:4Mg atomic ratios and arc-welded in tantalum tubes with about 1 cm 3 tube volume under an argon pressure of about 800 mbar. The ampoules were then placed in a water-cooled sample chamber [21] of a high-frequency furnace (Hüttinger Elektronik, Freiburg, Typ TIG 5/300) and heated for 2 min at about 1300 K, followed by 2 h at ca. 920 K. Finally the tubes were quenched to r. t. The RE 23 Ru 7 Mg 4 samples resulted as brittle reaction products. They could easily be separated from the tubes. No reaction with the container material was observed. Compact pieces and powders are stable in air. Powders are dark gray and single crystals exhibit metallic luster.
EDX data
Semiquantitative EDX analyses on the RE 23 Ru 7 Mg 4 crystals investigated on the diffractometer were carried out by use of a Leica 420i scanning electron microscope with LaF 3 , CeO 2 , PrF 3 , Ru, and MgO as standards. The experimentally observed compositions were close to the ideal one. No impurity elements heavier than sodium (detection limit of the instrument) have been found.
X-Ray diffraction
All samples were characterized by Guinier diagrams (imaging plate detector, Fujifilm BAS-1800 readout system) with CuKα 1 radiation and α-quartz (a = 491.30 and c = 540.46 pm) as internal standard. The lattice parameters (Table 1) were refined by a least-squares routine. Accurate indexing was ensured through intensity calculations [22] taking the atomic positions from the structure refinements.
Small 4 were selected from the crushed annealed samples. Their quality was checked by Laue photographs on a Buerger camera (white Mo radiation). Intensity data were collected at r. t. by use of a Stoe IPDS-II imaging plate diffractometer in oscillation mode (graphitemonochromatized MoK α radiation). Numerical absorption corrections were applied to the data sets. All relevant details concerning the data collections and evaluations are listed in Table 2 .
Structure refinements
The isotypy of the RE 23 [12] were taken as starting values, and the three structures were refined using SHELXL-97 [23] (full-matrix least-squares on F 2 ) with anisotropic atomic displacement parameters for the rare earth and transition metal atoms and isotropic displacement parameters for the light magnesium atoms. Since the structure refinement of the prototype Pr 23 Ir 7 Mg 4 [10] revealed small defects on the Ir2 site, also the occupancy parameters of the RE 23 Ru 7 Mg 4 crystals were refined in separate series of leastsquares cycles. Since for Ce 23 Ru 7 Mg 4 and Pr 23 Ru 7 Mg 4 all sites were fully occupied within two standard deviations, in the final cycles the ideal occupancy parameters were assumed again. In contrast, the La 23 Ru 7 Mg 4 crystal revealed small defects for the Ru2 site, and this occupancy parameter was refined as a least-squares variable in the final refinement, leading to a composition La 23 Ru 6.88(1) Mg 4 for the investigated crystal. Refinement of the correct absolute structure was ensured through calculation of the Flack parameter [24, 25] . The final difference Fourier syntheses were flat (Table 2). The positional parameters and interatomic distances are listed in Tables 3 and 4 .
Further details of the crystal structure investigations may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fizinformationsdienste.de/en/DB/icsd/depot anforderung.html) 
Physical property measurements
The magnetic and heat capacity measurements were carried out on a Quantum Design Physical Property Measurement System (PPMS) using the VSM and heat capacity options, respectively. For VSM measurements, the samples (15.135 mg for Ce 23 
Discussion
Crystal chemistry
The ternary rare earth-rich compounds RE 23 (Fig. 1) , this shortening of the Ce-Ru distances expresses itself also in a significant contraction of the a direction.
In order to see the influence of the intermediate cerium valence on the local ruthenium coordination, we have refined the structure of Ce 23 Ru 7 Mg 4 and also those with the neighboring rare earth elements, i. e. La 23 Ru 7 Mg 4 and Pr 23 Ru 7 Mg 4 from single-crystal Xray data. The interatomic distances are listed in Table  4 , and the different ruthenium coordination polyhedra (tricapped trigonal prisms) are presented in Fig. 2 .
Within the tricapped trigonal prisms, each ruthenium atom has six closer cerium neighbors building the prisms, while the three cerium atoms caping the latter are at somewhat longer distances. This way we can describe the near-neighbor environment as a typical 6 + 3 coordination. The Ce-Ru distances for the six closest neighbors range from 261 to 302 pm. Several of these Ce-Ru distances are smaller than the sum of the covalent radii [27] of 289 pm for cerium and ruthenium. Such short Ce-Ru distances are a strong hint for intermediate-valent (i. e. smaller) cerium. In the meantime, such short Ce-Ru distances have repeatedly been observed for binary and ternary cerium intermetallics. A full list has been published recently [19] . Electronic structure calculations for CeRuSn [16] , Ce 2 RuZn 4 [18] , and CeRuAl [19] showed strong Ce-Ru bonding for these interactions.
Finally we compare the RE 23 Ru 7 Mg 4 (RE = La, Ce, Pr) series with the isotypic RE 23 Ru 7 Cd 4 (RE = La, Ce, Pr) compounds [13, 14] . Although cadmium (141 pm) has a larger covalent radius [27] than magnesium (136 pm), the course of the lattice parameters for Ce 23 [27] .
These trends are in line with small differences in the cerium near neighbor coordinations of Ce 23 Ru 7 Mg 4 and Ce 23 Ru 7 Cd 4 . In the structure of the cadmium compound (the same setting has been used for both structure refinements), the Ce1, Ce2, Ce5, and Ce7 atoms can be considered as purely trivalent, while Ce3, Ce4, Fig. 2 
Physical properties
In Fig. 3 and at 25 K for the corresponding praseodymium compound as expected for a paramagnetic material. At 2.5 and 5 K the curvatures of the magnetization isotherms of Ce 23 Ru 7 Mg 4 become more pronounced and show a tendency for saturation at high fields. It may be noted here that the maximum saturation moment of 0.59(1) µ B per Ce atom observed at 80 kOe and 2.5 K does not reach the expected moment value of 2.14 µ B per Ce atom (according to g J × J). The reduced moment can be ascribed to crystal field splitting of the J = 5/2 ground state and due to the fact that not all Ce atoms are in a stable trivalent state. This has also been observed in Ce 23 Ru 7 Cd 4 [14] .
At 5 K the magnetization isotherm of Pr 23 Ru 7 Mg 4 is indicative of parallelly oriented magnetic moments, with no hysteresis being noted. The saturation magnetization at 80 kOe and 5 K is 3.05(1) µ B per Pr atom, which is in a good agreement with the theoretical value of 3.20 µ B per Pr atom, indicating full parallel spin alignment.
The low-field susceptibility (H = 100 Oe) measured in the zero field cooled (ZFC) and field cooled (FC) states of the samples is represented in Fig. 5 . For Ce 23 Ru 7 Mg 4 no magnetic ordering could be observed down to 2.2 K. However, kink-point measurements display ferro-or ferrimagnetic ordering for Pr 23 Ru 7 Mg 4 at around 15 K. Below this temperature a strong bifurcation between the ZFC and FC states is clearly visible. At 25 K there is an additional small anomaly visible (not seen in heat capacity), which can be attributed to minor impurities of Pr 3 Ru ordering ferromagnetically (T C = 25 K [28] ). Due to the absence of a λ -like anomaly and only a broad peak in the heat capacity measurement at around 15 K (see inset of Fig. 6 ) in Pr 23 Ru 7 Mg 4 , long-range magnetic ordering can be ruled out. These findings in conjunction with the strong bifurcation observed in ZFC-FC measurement below 13 K, are indicative of a spin glass behavior without long-range magnetic ordering. The heat capacity measurement of Ce 23 Ru 7 Mg 4 shows an upturn starting at around 6 K (see inset of Fig. 6 ). This fact, in conjunction with the steep upturn in the ZFC-FC measurement, suggests the onset of long-range ferro-or ferrimagnetic ordering.
